In recent years, the demand for using magnesium (Mg) alloys has significantly increased in several industrial fields. Due to their favorable strength/weight ratio thus Mg alloy demonstrating a valid replacement for aluminum alloys and High Strength Steels particularly for the production of lightweight parts in aerospace and automotive industries. However the formability of Mg at cold forming conditions is significantly poor and determination of the material formability need special testing procedures and understanding of material failure mechanism. FLD is commonly used to characterize the formability of materials and the key feature of FLD is the forming limit curve (FLC). This paper provides a review on the determination of strain-based and stress-based forming limit diagrams is introduced in this paper. In addition, the constitutive damage models for predicting and characterizing the forming limits of magnesium alloy sheet metals under a wide range of forming conditions at both industrial and scientific level.
INTRODUCTION
As it is well known magnesium is considered as the lights structural metal; it also has good heat dissipation, good electromagnetic shield and good damping. However As mentioned previously, formed sheet magnesium components are not viable as formability is very low due to the limited number of slip-systems in the hexagonal-closepacked (HCP) crystal structure available for plastic deformation. It was reported that a fine grain structure in Mg-alloys enhances strength and improves ductility by promoting the operation of non-basal slip systems and restricting twinning.
Taking into account that the intermediate forming/annealing cycles largely eliminated most of the twins and prevent the build-up of dislocations and that there was a significant amount of new grain boundaries, including twin boundaries, generated in the material. Consequently, the strength is enhanced and the ductility is improves.
Mg alloy sheets characterized by poor plastic behavior at room temperature due to its HCP crustal structure, offering that only basal slip planes are active. The critical resolved shear stress (CRSS) for non-basal slip planes (prismatic or pyramidal planes) are higher than that for basal slip planes, which is the reason for only basal planes are active at room temperature [1] . The (CRSS) of non-basal planes decreased by increasing temperature offering more slip planes and higher formability.
To make Mg alloys meet its impatience's for structural manufacturing, the magnesium sheet must retain higher ductility which can be achieved through grain refinement and reducing of basal texture development during deformation, besides higher temperature deformation.
Since coarse grain cause cracking at grain and twin boundaries, the fine grain (grain refinement) reduces twining (Mukai et al. [2] ), also shows non-basal dislocation at room temperature and reducing the critical resolved shear stress introducing increased formability.
During Mg sheet rolling production the basal texture are introduced parallel to the sheet surface which makes Mg sheets have poor formability, as deformation take place parallel to basal planes [1] . So the reduction of basal texture development increasing formability of Mg sheets alloy.
Temperature has the greatest influence on Mg sheets formability, as at high temperature twining eliminated and more slip systems are introduced so ductility improved. The great effect of temperature on the formability of Mg alloys has been investigated by many researchers.
A critical survey on the determination of strain-based and stress-based forming limit diagrams is introduced in this paper. In addition, the constitutive damage models for predicting and characterizing the forming limits of magnesium alloy sheet metals under a wide range of forming conditions at both industrial and scientific level. 
REVIEW ON FLDS AT COLD, WARM AND HOT CONDITION FOR MAGNESIUM ALLOYS
Forming Limit Diagram (FLD) illustrates the critical combination of major and minor surface strains in a sheet metal at the onset of necking failure. Material condition, tool features, process variables can be optimized via identifying the information from the FLD. Keeler [3] and Goodwin [4] , who established the concept of FLDs in which the relationship between the surface principal strains, 1 ε and 2 ε , , at fracture is established.
This relationship is presented as a curve and if the orthogonal principle strain set, at all positions in a deforming sheet, lies below this curve, it is no failure occurred in product and if above, failure will occur.
There are several factors such as sheet thickness (Fatmaoui et al., 2008) [5] , strain hardening exponent (Djavanroodi and Derogar [6] ), strain rate and grain size (Kröhn et al. [7] ), and temperature (Palumbo et al. [8] ) affect the FLD.
Many researchers have studied and provided different mathematical models for predicting FLDs. Vallellano et al. [9] studied the formability of 1.2 mm AA2024-T3 sheet subjected to biaxial stretching using a hemispherical punch. In Vallellano's work, several classical ductile failure criteria (integral and local) were embedded in ABAQUS in order to predict FLDs numerically. They concluded that a local criterion, particularly Tresca's criterion, provides a better prediction for failure, than does the integral criteria.
Wang [10] has provided an experimental and numerical investigation of the anisotropic effect on the formability for Mg alloys sheets metal (AZ31B, ZEK100 ) at worm/hot forming condition. In Wurong's work, the ductility for samples at 45° rolling direction is higher than the ductility at 90° rolling direction.
In addition of Wang' work, Aravindha [11] developed forming limit diagram for AZ31B and ZEK100 Mg alloy sheets at elevated temperature (from 250°c to 450°c for AZ31B and from 300°c to 450°c for ZEK100) and strain rates (10 -3 and 10 -2 s -1 ), Aravindha suggests that 250°C-300°c will be appropriate temperature for manufacturing complex Mg components. Also according to Aravindha's work there is no change in forming limits for both materials when strain rate increases from (10 -3 to 10 -2 s -1 ) at fixed temperature, so recommended the use of faster strain rate (10 -2 s -1 ). However Chan [12] concludes experimentally and analytically that the formability of AZ31B magnesium alloy sheet increase with temperature rise and with decreasing strain rate Also the formability is increased with increasing strain rate sensitivity (m-value).
Forming Limit Diagram at Cold Forming Condition
The Methods of the Determination of FLD at Cold Condition are the Nakajima test (uses a hemispherical punch) and the Marciniak test (uses a flat punch) as shown in Fig.1 .
The AZ31B Mg Alloy Sheets seems to have poor formability at temperature of 25°c as indicated by the forming limit diagram shown in Fig. 2 , this low ductility because of the Hexagonal Close-Packed (HCP) crustal structure as mentioned before which offering MS Proceedings of the 17 th Int. AMME Conference, 19-21 April, 2016 only two deformation mechanism systems the basal and twinning systems at room temperature [20, 23] .
Lingyun [15] shows that the AZ31B Mg alloy hot-rolled sheets have higher forming and processing capacity than that of the cold rolled sheets at room temperature.
Forming Limit Diagram at Warm and Hot Forming Condition
The experimental tests performed by Kim [14] to obtain Forming Limit Diagram (FLD) of AZ31B Mg alloy sheets at different temperatures of up to 300°C are introduced using die set with a hemispherical punch and heating cartridges were inserted in the die and punch shown in Fig. 3 , enabling heating of the die set and blank to the required temperature (Isothermal condition). The test specimens were cut in the rolling direction with a 0.5-mm-thickness. Tests were performed at different temperatures and at a constant punch speed of 0.1 mm/s.
To visualize only the temperature effect other formability affecting parameters maintained constant, (for example strain rate (punch speed), strain hardening exponent (n), rolling direction, and sheet thickness).
During the warm forming condition (at temperature 100°c, 200°c and 250°c) The forming limits are remarkably increased, throughout these formation condition (usually from 200°c to 300°c) the ductility of Mg sheet increases due to more slip systems are activated (non-basal slip systems such as prismatic and pyramidal systems), alloying for higher formability [23] shown in Fig. 4 .
The forming limit are increased slightly, during hot forming of Mg sheet at temperature equal or higher than 300°c (generally from 0.3 to 0.5 from melting temperature) shown in Fig. 5 , there are microstructure change, including recrystallization and grain growth. The hot forming process improves ductility of the blank to achieve more formability. The FLC0 of the AZ31B sheet reached a value seven times that at room temperature at 300°c [10, 11, 14] .
Forming Limit Diagram for AZ31B Mg Alloy Sheets at Different Temperature
The higher the forming temperature the higher the forming limit (increased formability) The forming limit increased sharply with temperature up to 200°c, due to the activation of the sliding planes; and thereafter, there is no much increase in forming limit shown in Fig. 6 . The range from 200°c to 300°c, the commonly used range of forming temperatures for magnesium alloy sheets [14] .
Forming limit diagram for AZ31B at (200, 250, 300)°c and punch speed (0.1 mm/s, 1 mm/s) Ambrogio [16] indicates in his paper that Formability increased as temperature raised as shown in Fig. 7 , but declined by increasing punch speed from .1 mm/s to 1 mm/s at 300°c as shown in Fig. 8 , Such altitudes are related to the microstructural evolution, that is highly affected by temperature and strain rate due to the occurrence of grain boundary sliding, dynamic recrystallization and grain growth. The forming limit diagram shown in Fig. 9 , obtained from the rolling direction specimens represents formability higher than that obtained in the transversal one; however transverse direction specimens have a higher drawability [17] .
Forming limit diagram for rare earth-magnesium alloy ZEK100 sheet at different temperature The forming limit data of ZEK100 Mg alloy sheets shown in Fig. 10 , reveals a great formability dependence upon temperature. At 300°C, ZEK100 has shown significant anisotropy between the rolling and transverse sheet direction (the transverse direction having better formability than the rolling direction) This behavior is consistent with observations by Kurukuri et al. [18] who found that RD tensile samples exhibit higher strength with less work hardening and elongation compared to the transverse direction [19, 20] .
DAMAGE CONSTITUTIVE MODELS
The deterioration of a metallic structure during plastic and viscoelastic deformation is due to nucleation, growth and coalescence of the internal defects such as micro voids and micro cracks. This process is generically termed as damage. Damage has a significant effect on the mechanical properties of a metal during deformation. The internal defects in the material act as nucleation sites and induce damage (Mohamed [21] ). The evolution of damage is essentially related to the dominant deformation mechanism. This mechanism depends on the deformation temperature, strain rate, material microstructure and chemical composition. Different deformation mechanisms are associated with different damage types. These various damage types are discussed below (Mohamed [21] ).
Creep Type Damage
Creep is the permanent plastic deformation of a metal under static load for a prolonged period of time. Creep phenomenon is usually observed at high temperatures (0.3ܶ < ܶ < 0.5ܶ ). The static creep load is generally below the yield stress of the material, and the rate of the deformation is relatively low (Hayhurst and Dyson [22] ).
According to Cocks and Ashby [28] , any type of structural change resulting from adverse creep deformation can lead to damage. The creep damage can be of the forms: i) voiding or cracking at a microscopic level or ii) microstructure deterioration at a microscopic level (Ashby and Dyson [22] ). They suggested that voids grow by various controlled mechanisms such as power-law creep, grain-boundary diffusion or, a combination between both.
Kachanov [24] , described the creep damage process using the damage state variable, D, in which the material is treated as a continuum as seen in Equation (1) (Liu [26] ):
where A ୢ , m ୢ , n are material constants. MS Proceedings of the 17 th Int. AMME Conference, 19-21 April, 2016 For a constant stress creep condition, the damage variation with time can be determined by simple integration of Equation (1).
Cocks and Ashby [28] established a model (spherical hole within isolated cylinder) based on the spherical cavities shape doesn't change during their growth [28] . At time t=tn cavities at grain boundary initiate, at time t=tc they coalescence. According to the void growth and creep strain rate the following equation have been introduced [27] .
where εሶ ୱୱ the steady creep rate without cavities, f ୦ the cavity area fraction, n is material constant and g is defined as:
where σ ഥ the von mises equivalent stress, σ ୫ the hydrostatic stress.
In the presence of mobile dislocation damage, the secondary and tertiary creep can be modeled (Lin et al. [24] ). Lin, et al., represented a damage model as follow:
where, Dሺ= 1 − ρ ρ ⁄ ሻ is the mobile dislocation damage, ρ is the initial dislocation density and ρ the current dislocation density. C ୢ is the material constant.
Ductile Type Damage
Under the condition of plastic deformation of metals the ductile damage takes place throughout three stages: void nucleation, growth and coalescence (Rice and Tracey, 1969). During cold forming the mechanism of deformation is the multiplication of dislocations since grain boundary sliding does not occur (Rice and Tracey, 1969). The result is voids nucleation around the second phase and typically inside the grain. A stress free surface on the voids is resulted, as the voids have been nucleated, through DE cohesion or cracking of the second phase/ inclusions, a stress free surface on the voids is resulted. In addition, the weakened material displays areas of localized stress and strain concentrations (Tvergaard, V. & Needleman, A., 2001).
Rice and Tracey, (1969), proposed mathematical model for the growth of isolated spherical void under a triaxiality stress state [29, 30] .
where σ ୣ୯ and Ԑ ୣ୯ are the equivalent stress and strain.
For uniaxial tension state σ ଶ , σ ଷ = 0 , σ ୌ = భ ଷ and σ ୣ୯ = σ ଵ , Damage becomes:
a So critical damage value at fracture is:
b
Gurson-Tvergaard-Needleman, established model for ductile failure predicts fracture by micro void nucleation and growth through plastic deformation condition [26, 31] .
where ∑ and ∑m the von mises stress and hydrostatic stress; q1,2,3 are model parameter depend on strain hardening properties q1=1.5, q2=1, q3=2.25 better values for plain strain condition (Tvergaard 1981 (Tvergaard , 1982 , f is the void volume fracture, and σ is the yield strength. f * the modified damage parameter (taking account of the accelerated process of coalescence after reaching critical void volume fraction, f ୡ (Tvergaard 1981; Needleman).
Mc Clintock proposed in 1968 a mathematical model assuming that material divided to fourfold elements containing oval cylindrical voids [30] .
where ε ത ୮ , ε ത ୮ are the equivalent plastic strain and equivalent plastic strain at fracture, n is the exponent in the constitutive law
σ ୟ , σ ୠ may take as principle stresses Brozzo et al. (see ref. [30] ) proposed a criterion based on the fact that with hydrostatic stress increase the ductility greatly decreased (diminish) and fracture initiate due to maximum principle stress:
σ ଵ , σ ୌ are the maximum principle stress and the hydrostatic stress, where ε ത ୮ , ε ത ୮ are the equivalent plastic strain and equivalent plastic strain at fracture.
Superplastic Type Damage
High temperature causes grain boundary diffusion, which facilitates grain rotation and grain boundary sliding, both of which are more active when the grain size is small, temperature is high and deformation rate is low, as in superplastic forming (Lin et al. [24, 25] ). However, grain rotation and boundary sliding are not restricted to these conditions and may be present to a lesser extent at faster forming rates and in alloys not capable of super plasticity. The relative displacement of grains resulting from rotation and boundary sliding is accommodated by the redistribution of matter within the mantle adjacent to grain boundaries (Lin et al. [25] ). When this accommodating process is insufficient to meet the requirements of the deformation rate, stresses at the grain boundaries are not relaxed sufficiently and, consequently, cavities nucleate primarily at the triple point of the grain. When a cavity is present at a grain boundary (either nucleated during superplastic deformation or existing prior to the deformation), it grows by either superplastic diffusion processes or plastic deformation [25] .
Nicolaou and Semiatin [32] have developed a mathematical model for superplastic and general hot deformation processes. The damage growth in tension has been modeled through the classic plasticity mechanisms resulting in an equation describing the variation of damage radius r with strain,
where η is an individual (volumetric) damage cavity parameter and r ୢ is the initial cavity radius.
Pilling and Ridley (See Ref.
[32]) investigate experimentally the influence on the cavity growth rate by hydrostatic pressure for superplastic alloys and they introduce the following equation.
where p is the hydrostatic pressure (whith a negative sign for compresive and postive for tensile)
So the equation becomes
ƞ is the cavity growth rate of an individual cavity, σ ഥ is effective stress, σ ୫ is mean stress.
CONCLUSION
It is obvious that magnesium sheet alloys introduce an important mechanical property (strength/weight ratio), which is the major demand in automotive, aerospace and many modern industries. the material failure mechanism gives the chance to efficiently utilize Mg alloys in modern industries.
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